Tomato (Solanum lycopersicum L.) is a climacteric fruit, i.e., during ripening an increase in ethylene synthesis and high rate of respiration are observed. Low oxygen levels might inhibit or block ethylene biosynthesis and therefore retard the ripening process. Despite commercial applications of low oxygen treatments, the precise mode of action of low oxygen in fruit tissues and ripening is not well understood. In order to delineate the molecular responses to low oxygen stress in fruits, hypoxia-responsive tomato genes encoding heat shock factors, heat shock proteins, and enzymes involved in fermentation and ethylene synthesis pathways were analyzed. In this study, tomato fruit stored under hypoxia conditions showed that HSP17.7 and HSP21 genes were highly induced by low oxygen level, indicating their primary role in maintaining cellular homeostasis after this stress.
INTRODUCTION
Tomato (Solanum lycopersicum L.) is a model plant species and is the second most important vegetable crop, given its use as a model for fruit molecular pathway, development and ripening studies (Vidoz et al., 2010; Centeno et al., 2011) . Also, it is a frequent component of the human diet due to its high antioxidant and vitamin contents (Wang et al., 2009 ) and its versatile culinary use (León-Sánchez et al., 2009) . Tomato is a climacteric fruit, i.e., its ripening is strongly associated with the increase in respiration and ethylene activity. The synthesis of ethylene is coordinated by multigene families involved in ACC metabolism. The ACS (EC 4.4.1.14) and ACO (EC 1.14.17.4), specially ACS2, ACS4 and ACO1 appear to play important roles in climacteric fruit ethylene production (White, 2002; Barry and Giovannoni, 2007) . The final biosynthetic step of ethylene requires molecular oxygen, which allows the ACO action in the conversion of ACC to ethylene. In this sense, by acting directly on this last step, a lower oxygen concentration might result in an inhibition or blocking of ethylene biosynthesis. Thus, for a variety of fruits, the storage under hypoxia condition is routinely used to slow the ripening process (Ramonell et al., 2002) .
Some commercial practices, such as wax coatings and plastic liners are used to limit the oxygen availability (Pasentsis et al., 2007) . Despite these commercial applications of low oxygen treatments, the precise mode of action of low oxygen in fruit tissues and ripening is not well understood.
Previous studies showed that the application of low oxygen levels (2.5 to 5.5%) suppressed the induction of ripening enzymes (Kanellis et al., 1991) . In addition, analysis of mRNA in preclimacteric fruits revealed that low oxygen levels induce new mRNA species, suggesting a complex stress response involving more than a simple adaptation change in energy metabolism (Loulakakis et al., 2006) .
Fermentative pathways play an important role in plant responses to anoxia, i.e., enzymes such as ADH (EC 1.1.1.1) and PDC (EC 4.1.1.1) in ethanol fermentation, as well as LDH (EC 1.1.1.27) in lactic acid fermentation are key to these responses (Tadege et al., 1999; Ismond et al., 2003; Bieniawska et al., 2007) . In addition, heat-related genes, including those coding for HSFs and HSPs have been shown to be present in transcript profiles of plants under anoxia stress (Loreti et al., 2005; Banti et al., 2010) .
In order to link responses to hypoxia at the molecular level and the onset of ripening in tomato fruits, the expression profiles of 12 genes putatively involved in signaling response pathways described above were analyzed.
MATERIAL AND METHODS
Plant material: Tomato fruits (Solanum lycopersicum cv. FlavorTop) harvested at breaker stage were stored in two conditions: hypoxia and normoxia. In normoxia, fruits were stored at RT (23°C and relative humidity of 75%) with samples collected at 0 (N), 1 (N-1d), 3 (N-3d) and 5 (N-5d) days after harvest. Under hypoxia, fruits were placed in glass containers bearing low levels of O 2 (0.6 kPa) and stored at RT for 3 days. After, the fruits were transferred to normoxia conditions, with samples collected at 0 (H), 1 (H-1d), 3 (H-3d) and 5 (H-5d) days after hypoxia. Fruits were subjected to hypoxia environment using a 0.5 L glass jar flushed with 100% N 2 . Normoxia and hypoxia treatments were performed in the dark. Three biological replicates were performed for each treatment, and each replicate consisted of five fruits. After each period, tomato fruits were collected, their color was measured and they were immediately frozen in liquid N 2 and stored at -80°C until the moment of total RNA extraction.
Color:
The color changes during ripening in both normoxia and hypoxia conditions were evaluated using a Minolta colorimeter CR-300, with illuminating D65 and aperture 8 mm, with parameters L*, a* and b* (CIELab) (Konica Minolta, Osaka, Japan). There were two readings on opposite sides of each of the five fruits. Results were expressed in hue color angle (hº), by the equation hº=tan-1 b*/a (McGuire, 1992 . Conditions for the amplification reaction were as follows: two min at 50°C, followed by 10 min at 95°C, then 40 cycles at (95°C for 30 seconds/ 59ºC for 1 minute/ 72°C for 1 minute), and a final extension at 72ºC for 5 min, following a standard dissociation curve. A CT was obtained, and the relative expression level was calculated based on the exponential region of the PCR reaction curve (Applied Biosystems ® ). For each gene analyzed, the Ubiquitin gene was used as an endogenous control to quantify cDNA abundance. CT was obtained during the reaction cycles, and ΔΔCT was calculated based on the exponential PCR reaction using REL = 2-ΔΔCT (Livak and Schimittgen, 2001 ). Gene expression data was analyzed using MeV software and presented as a heat map diagram using the harvest stage as a baseline (Saeed et al., 2003) .
Cellular localization of genes studied:
Identification of the N-terminal region of each amino acid sequence was made using the software Target P 1.1 Server (http://www.cbs.dtu.dk/services/TargetP/). Target P is able to predict the location based on the presence of any of the N-terminal chloroplast transit peptide, mitochondrial targeting peptide or secretory pathway signal peptide pre-sequences (Nielsen et al., 1997; Emanuelsson et al., 2000) .
RESULTS
The ripening process occurred in fruits under normoxia, with fruit color changes from green to red ( Figure 1 , Table 2 ). The same changes were observed in fruits after hypoxia storage however the process was delayed in 3 days (storage time). In addition, during the 5th day after hypoxia storage (8 days after harvest), fruits showed higher values of hº (hue angle) when compared to the 5th day after harvest. The expression profiles of genes encoding three enzymes that act in fermentation pathways (ADH, PDC and LDH), one enzyme involved in ethylene synthesis (ACO1), one HSF (HSFA3), three HSPs (HSP70, HSP90 and HSP110) and four small HSPs (HSP17.6, HSP17.7, HSP21 and HSP23.6) were affected by hypoxia stress in tomato fruits (Figure 2) . The genes evaluated could be divided in relative low (0-2.5X), medium (0-15X) and high expression (0-750X), according to their fold increase. Genes with a relative low expression were the majority (7/12), followed by medium expression genes (3/12) and highly expressed genes (2/12). Relative mRNA abundance in FlavorTop tomato (Solanum lycopersicum) fruit. mRNA abundance is represented at different scales, using the MultiExperiment Viewer (TIGR MeV) software (Saeed et al., 2003) . mRNA abundance of each gene from N (Harvest/Normoxia) served as the baseline for determining relative RNA levels, in which N-1d: Normoxia + 1 day, N-3d: Normoxia + 3 days, N-5d: Normoxia + 5 days. H: Hypoxia during 3 days, H-1d: after hypoxia + 1 day, H-3d: after hypoxia + 3 days and H-5d: after hypoxia + 5 days. Genes used in this study were ADH (alcohol dehydrogenase), PDC (pyruvate decarboxylase), LDH (lactate dehydrogenase), ACO1 (1-amino-cyclopropane-1-carboxylic acid oxidase), HSFA3 (heat shock factor), HSPs (heat shock protein 70, 90 and 110), and sHSPs (small heat shock protein 17.6, 17.7, 21 and 23.6).
A B C
In the three genes encoding enzymes involved in fermentation pathways (PDC, ADH and LDH) (Figure 2A ) increased transcript levels were observed in N-3d, H and H-5d. Transcript levels of the ACO1 gene ( Figure 2B ) showed a linear increase during the course of normal ripening in normoxia conditions. Transcript levels of this gene were also shown to increase immediately after storage under hypoxia and decrease after this condition, indicating a lower ethylene production.
The transcript levels of HSFA3 ( Figure 2B ) were highly accumulated in N-5d, at the end of the maturation cycle. This transcription factor was also induced immediately after storage under hypoxia, and the transcript levels were reduced when fruits were removed to ripen under normoxia.
The genes that encode HSPs of high molecular weight showed variable expression (Figures 2A and B) . HSP70 showed higher transcript accumulation levels at N-1d, H and H-3d. HSP90 linearly decreased during normal ripening under normoxia and presented high transcript levels immediately after hypoxia storage. HSP110 was expressed at N-1d and showed a slight increase at N-5d. This gene was highly expressed immediately after hypoxia storage, but decreased over time.
HSP17.6 and HSP23.6 exhibited a decrease in transcript accumulations after harvest under normoxia conditions and slightly increased after hypoxia storage (Figure 2A ). On the other hand, the genes HSP17.7 and HSP21 were strongly induced by low oxygen levels, ca.750 fold higher than the other two sHSP genes ( Figure 2C ).
The in silico analyses indicated that four of the 12 genes studied encode proteins resident in the plastids (PDC, LDH, HSP21 and HSP110), two encode a protein resident in mitochondria (HSP17.7 and HSP23.6) and one encodes a protein resident in secretory pathway (HSP90). The other genes encode proteins that act at other sites in the cell, mainly in the cytosol (Table 3) .
DISCUSSION
Fruit color changes from green to red were observed in fruits under normoxia conditions and in fruits after hypoxia storage. During the 5th day after hypoxia storage fruits showed higher values of hº when compared to the 5th day after harvest in normoxia storage. The process of fruit color change has always been strongly linked with ethylene biosynthesis in tomato. During this change, chlorophyll is degraded, there is a breakdown of the photosynthetic apparatus and carotenoids are accumulated (Alexander and Grierson, 2002; Eum et al., 2009) . At low oxygen levels, ethylene biosynthesis is decreased (Alexander and Grierson, 2002) , delaying ripening and reducing red color development, as observed in this work.
For the genes encoding PDC, ADH and LDH, increased transcript levels were observed in N-3d, H and H-5d. These increases in H were expected since low levels of O 2 induce fermentative pathways. The lower expression of ADH, LDH and PDC in H-1d and H-3d is due to a return of the aerobic respiration of fruits in the presence of O 2 , and to a less advanced maturation stage. The induction of ADH in N-3d and H-5d is due to the contribution of ADH in the flavor development through the interconversion of aldehyde and alcohol forms of volatile flavors originated from lipids and amino acids during ripening process of fruits (León-Sánchez et al., 2009 ). The decarboxylation of pyruvate to form acetaldehyde, which is in turn reduced to alcohol by ADH, is coordinated by the enzyme PDC, which could explain the high levels of expression of this gene in N-3d and H-5d. The accumulation of LDH transcripts in N-3d and H-5d occurred probably due to the need of pyruvate oxidation in the reverse direction aiming a reduction in the accumulation of ethanol.
The ACO1 gene showed a linear increase during normal ripening in normoxia conditions and immediately after storage under hypoxia, decreasing after this condition. This behavior after hypoxia suggests a lower ethylene production. This could explain the delay in color change of fruits subjected to hypoxia storage. Reports (Nielsen et al., 1997; Emanuelsson et al., 2000 have described that hypoxia or low O 2 /CO 2 ratio and anaerobic conditions do repress ethylene synthesis and activity in tomato (Paul et al., 2010) .
The HSFA3 transcripts were highly accumulated in fruits at the end of the maturation cycle in normoxia condition and immediately after hypoxia storage, and were reduced when fruits were removed to ripen under normoxia. The induction of HSF genes at low oxygen levels had already been observed in Arabidopsis, and anoxia tolerance in this species is due to the overexpression of HSFA2 (Banti et al., 2010) . High expression levels of HSFA3 after hypoxia suggests an important role of this transcription factor in the maintenance of cellular homeostasis after hypoxia stress.
A variable expression in high molecular weight HSP genes was observed. These results suggest that these genes are involved in ripening process and have a small contribution in cellular homeostasis maintenance after hypoxia stress in the tomato fruit. Different HSPs have been identified as ripening-induced genes in tomato (Fei et al., 2004) . Previous studies described a ripening regulated small HSP in tomato, which is involved in pectin depolymerization (Ramakrishna et al., 2003) , but the role of HSPs in ripening remains poorly understood.
Slight increases in HSP17.6 and HSP23.6 transcript accumulation after hypoxia storage were observed suggesting that these genes are co-regulated under low oxygen levels. The genes HSP17.7 and HSP21 were strongly induced by low oxygen levels. This could mean that HSP17.7 and HSP21 are needed in large amounts to counteract the effects of hypoxia, acting less specifically, and that HSP17.6 and HSP23.6 are needed in lower amounts since they act on a smaller number of molecules. Ramakrishna et al. (2003) described that HSPs act during ripening by protecting the cellular machinery against thermal denaturation during temperature rises in the daytime. The induction of some members of the HSP family by hypoxia stress may be an independent response induced by this condition and it may also be a complex response affecting the whole ripening process. However, this needs further investigations in order to be confirmed. Subsequently, silencing and overexpression studies could be developed to assess the exact function of these genes.
The importance of HSPs in response to stress can be observed in previous reports for other species such as Zea mays L. ssp. mays (Lund et al., 2001) , Agrostis stolonifera L. (Heckathorn et al., 2002) , Oryza sativa L. (Murakami et al., 2004; Sarkar et al., 2009) , Rosa chinensis Jacq. (Jiang et al., 2009) , Prunus salicina Lindl. (Sun et al., 2010) , Prunus persica L. Batsch (Pegoraro et al., 2010) and Daucus carota L. (Song et al., 2011) , which also reported the induction of HSPs in response to different stresses.
The studied genes encode proteins resident in the plastids (PDC, LDH, HSP21 and HSP110), mitochondria (HSP17.7 and HSP23.6) and secretory pathway (HSP90). The subcellular energy organelles (chloroplast, mitochondria and peroxisomes) in plants are responsible for major metabolic processes including photorespiration, photosynthesis, β-oxidation, oxidative phosphorylation and the tricarboxylic acid cycle (Taylor et al., 2009) . Plastids play an important role in cellular homeostasis, including carbon recycling and pigment, vitamin, aromatic amino acid and hormone biosynthesis. Also, they integrate numerous metabolic pathways that are important in adaptive responses to extreme environmental conditions. This fact can explain the extremely high expression level of the plastid HSP21 gene, as a response to hypoxia stress, seeking for adaptation to this condition. Mitochondria also play a fundamental role under hypoxia conditions, since these organelles are highly sensitive to change oxygen levels due to their dependence on this gas for normal functioning (Dat et al., 2004) . Thus, it is believed that the high gene expression of the mitochondrial HSP17.7 gene is a defense mechanism.
